The nucleotide sequence of the gene that encodes the fermentative, multifunctional alcohol dehydrogenase (ADH) in Alcaligenes eutrophus, and of adjacent regions on a 1.8-kilobase-pair PstI fragment was determined. From the deduced amino acid sequence, a molecular weight of 38,549 was calculated for the ADH subunit. The amino acid sequence reveals homologies from 22.3 to 26.3% with zinc-containing alcohol dehydrogenases from eucaryotic organisms (Schizosaccharomyces pombe, Zea mays, mouse, horse liver, and human liver). Most of the 22 amino acid residues, which are strictly conserved in this group of ADHs (H. Jornvall, B. Persson, and J. Jeffery, Eur. J. Biochem. 167:195-201, 1987), either were present in the A. eutrophus enzyme or had been substituted by related amino acids. The A. eutrophus adh gene was transcribed in Escherichia coli only under the control of the lac promoter, but was not expressed by its own promoter. A sequence resembling the E. coli consensus promoter DNA sequence did not contain the invariant T, but a G, in the potential -10 region. In the transposon-induced mutants HC1409 and HC1421, which form ADH constitutively, the insertions of Tn5::mob were localized 56 and 66 base pairs, respectively, upstream of the presumptive translation initiation codon. In contrast to the promoter, the A. eutrophus ribosome-binding site with a GGAG Shine-Dalgarno sequence 6 base pairs upstream of the translation initiation codon was accepted by the E. coli translation apparatus. A stable hairpin structure, which may provide a transcription termination signal, is predicted to occur in the mRNA, with its starting point 21 base pairs downstream from the translation termination codon.
Recently, we described the cloning of an 11.5-kilobasepair (kbp) EcoRI fragment which encodes the gene for fermentative alcohol dehydrogenase (ADH) from the strict aerobe Alcaligenes eutrophus (44) . This enzyme is a tetramer of relative molecular weight 156,000 and consists of four subunits of equal size. The ADH catalyzes the NAD(P)-dependent oxidation of ethanol, 2,3-butanediol, and acetaldehyde and the reduction of acetaldehyde, acetoin, and diacetyl (66) . The wild type synthesizes this multifunctional ADH, together with an NAD-linked lactate dehydrogenase, only when the cells are cultivated under conditions of restricted oxygen supply (58) . In addition to the ability to evolve molecular hydrogen (45, 71) and to synthesize poly-,-hydroxybutyric acid (71) , both enzymes appear to provide a safety valve for the release of excess reducing power in the absence of exogenous hydrogen acceptors such as oxygen or nitrate.
Although many primary structures of eucaryotic ADHs have been elaborated (12, 40, 54) , relatively little information exists on the primary structures of procaryotic ADHs (13, 51) and their genes. The only procaryotic adh gene which has been sequenced so far is the gene adhB for ADH II from Zymomonas mobilis (18) . In this report we describe the nucleotide sequence of a 1.8-kbp PstI fragment which harbors the entire structural gene for the fermentative ADH of A. eutrophus and compare the deduced primary structure of the protein with that of other ADHs.
Cells of Escherichia coli synthesize about 50 proteins if culture conditions are shifted from aerobiosis to anaerobiosis (17, 63) . The molecular mechanisms of regulation of gene expression in response to removal of oxygen have attracted * Corresponding author. much attention in recent years. Several gene loci such as fnr (31, 32, 59, 64) , earA (1), ntrA (7) , oxrA (68) , oxrB (68) , oxrC (34) , oxrF (1), oxrG (1) , and tppR (33) were shown to be involved in the expression of anaerobically induced genes in E. coli and in Salmonella typhimurium. Furthermore, the E. colifrdR locus is involved in the repression of the frdABCD operon in response to nitrate (41) . However, so far, nothing is known about the primary signal which mediates between the changes in the environment and the products of the genes mentioned above.
With the aim of understanding the type of molecular regulation of fermentation enzymes in the strict aerobe A. eutrophus, we continued our studies of the ADH. In previous studies (44, 65) , we described the isolation of primary mutants of A. eutrophus which form the fermentative ADH constitutively (class 3 mutants [44] ). From these we isolated secondary mutants (class 1 mutants [44] ) which lack this enzyme. These mutants identified the region in which the gene lies, and the nucleotide sequence of the adh gene of A. eutrophus was determined. We shall provide some evidence that the expression of the adh gene is not controlled by proteins which resemble, e.g., the fnr or the ntrA gene products.
MATERIALS AND METHODS
Bacterial strains and plasmids. The strains of A. eutrophus and E. coli and plasmids used in this study are listed in Table   1 .
Media and growth conditions. E. coli was grown in complex Luria-Bertani (LB) medium (47) or in M9 mineral salts medium (47) at 37°C. For expression of genes, which are under the control of the lac promoter in pUC vectors, the M9 medium for growth of E. coli JM101 was supplemented with Transformation. For transformation, E. coli was grown aerobically in LB medium supplemented with 20 mM MgCl2 .6H20 at 37-C (25) . Competent cells were prepared and transformed by using the calcium chloride procedure as described by Maniatis et al. (47) .
Isolation of DNA. Total genomic DNA of A. eutrophus was isolated from cells grown in fructose (0.2%, wt/vol) mineral salts medium at 30°C by the procedure described by Marmur (48) .
Preparative isolation of plasmid DNA from E. coli was performed by the alkaline lysis method as described by Maniatis et Plasmid DNA or isolated DNA fragments were digested with restriction endonucleases by using buffers supplied by the manufacturer of the enzymes and under the conditions described by the manufacturer. The molecular weights of these fragments were estimated by comparing their migration in agarose gels with that of standard fragments obtained by digestion of X DNA. DNA bands were stained with ethidium bromide and visualized on a UV transilluminator.
Preparation and hybridization of Southern filters. Southern blots with nitrocellulose filters (pore size, 0.45 ,um) were hybridized with biotinylated probes as described by Kuhn et al. (44) .
DNA sequence analysis. Fragments SR18, S12, and R06 and DNA fragments generated from these by digestion with KpnI, EcoRV, Sail, or SmaI, as well as derivative fragments of S12 and R06, which were generated by successive digestion with Bal 31 (24) , were cloned into different pUC vectors and subjected to sequencing reactions. DNA sequencing was carried out by the dideoxy-chain termination method of Sanger et al. (56) with [a-35S]dATP. Double-stranded plasmid DNA was isolated from strain JM83 by a modification of the method described by Birnboim and Doly (8) . After alkaline denaturation, this DNA was sequenced (15) by applying pUC universal primers and a pUC-sequencing kit (Boehringer GmbH, Mannheim, Federal Republic of Germany). Problems due to the high molar G+C content of the A. eutrophus genome were overcome by substituting deoxy-7-deazaguanosine 5'-triphosphate for dGTP (50) and performing the sequencing reaction at 45 to 50°C. Products of the sequencing reactions were separated in wedge gels in a buffer (pH 8.3) containing 100 mM Tris hydrochloride, 83 mM boric acid, 1 mM EDTA, 42% (wt/vol) urea, and 5 to 7% monomer in a Macrophor sequencing apparatus (Pharmacia-LKB, Uppsala, Sweden) and were visualized on X-ray films.
The sequence data were analyzed by using the program MacGene (Applied Genetic Technology, Inc., Fairview Park, Ohio). For the alignments of amino acid sequences, the program DNA Star (DNA Star Inc., Madison, Wis.) was used.
DNA ligation. Restricted DNA was ligated with T4 DNA ligase at 25°C in 50 mM Tris hydrochloride buffer (pH 7.6) containing 10 mM MgCl2, 5% (wt/vol) polyethylene glycol 8000, 1 mM ATP, and 1 mM dithioerythritol as described by the manufacturer.
Other manipulations of DNA. The DNA fragment was treated with Bal31, T4 polynucleotide kinase, or mung bean nuclease as recommended by the manufacturer.
Preparation of crude extracts and determination of enzyme activities. Soluble protein fractions were obtained after a 100,000 x g ultracentrifugation of broken cells as described previously (44) . The activities of fermentative ADH were determined spectroscopically as described by Steinbuchel and Schlegel (66 Physical map of 11.5-kbp EcoRI fragment HS10. The isolated 11.5-kbp EcoRI fragment HS10, which encodes the fermentative ADH of A. eutrophus (44) , subfragments isolated from HS10 and hybrid plasmids harboring HS10, and TnS-labeled fragments of mutants H1076, H1051, H1097, N1103, HC1409, and HC1421 were investigated to obtain a physical map of HS10. In consideration of the restriction map for TnS (36) , which harbors the RP4 mob site (61) , the insertions of Tn5:::mob into HS1O were physically mapped. The results are shown in Fig. 1 It should be emphasized that TnS::mob had inserted in only one specific orientation with the IS50R elements facing the presumptive regulation region in all six mutants examined (Fig. 2) . The orientation in which TnS inserts into target DNA is sometimres affected by transcriptional activity (4 (Fig. 3) . After incubation with EcoRI a 1.6-kbp DNA fragment was isolated and ligated with pVK101 which had been linearized with EcoRI and Which had been dephosphorylated with calf intestinal phosphatase. Two recombinant plasmids, pJS100 and pJS200, harboring the 1.6-kbp fragment in opposite orientations were isolated. The new derivatives of pVK101 provided a unique cleavage site for PstI within the bla gene, which can be inactivated by a recombinational event.
If, e.g., pJS200::SR18 or pJS200::S12 was transferred from E. coli S17-1 to the insertion mutant H1076, H1097, or N1103 by conjugation, the ability to use 2,3-butanediol as a carbon source for growth was restored in these mutants.
Sequencing strategy and nucleotide sequence of the adh gene from A. eutrophus. The compiled sequence for the 1.8-kbp PstI fragment SR18 is shown in Fig. 4 ; 42% of the sequence was derived from the information on both strands. Only seven bases remained uncertain to some extent. Our biochemical data for fermentative ADH from A. eutrophus predict approximately 1,100 bp for the size of the structural gene. There is only one open reading frame within SR18 which fulfills this requirement (Fig. 2) ; it starts within R06 at bp 458 and extends to the translation termination codon TGA at bp 1555 in S12 (Fig. 4) (Fig. 4) . A The gene extending from bp 458 to 1558 encodes 366 amino acids, which are shown in Fig. 4 . The calculated molecular weight of the ADH subunit is 38,549 and agrees well with the value of 39,000 ± 1,000 which had been elaborated by electrophoresis of denatured protein in a sodium dodecyl sulfate-polyacrylamide gel (66) . All attempts to express the adh gene of A. eutrophus in E. coli have shown that its expression is strictly under the control of the lac promoter of pUC vectors. Therefore, we did not expect to detect an E. coli consensus promoter DNA sequence (49) . The sequence which most probably fits with the E. coli consensus promoter was about 90 to 100 bp upstream from the translation initiation codon and is indicated in Fig. 4 . The only severe deviation is an G instead of the highly conserved T in the hypothetical -10 region. In the compilation of 168 DNA sequences of E. coli promoter regions (27) , this T is present in all but six sequences in this position; this so-called invariant T is never replaced by a G. In addition, the distance between the hypothetical -35 and -10 regions is only 14 bp.
Loci of insertion of TnS::mob in the constitutive mutants HC1409 and HC1421. To determine the individual loci of TnS::mob insertion, which cause constitutive expression of fermentative ADH in A. eutrophus class 3 mutants, an 820-bp EcoRV-PstI fragment isolated from the TnS-harboring 19-kbp EcoRI fragments HRT13 and HRT12 of mutants HC1409 and HC1421, respectively, was cloned in pUC vectors. These fragments contain the part of R06 which extends from the EcoRV recognition site at bp 532 in Fig. 5. to the insertion site of TnS::mob and about 680 bp of IR5OL of Tn5. Fragments from both mutants were sequenced. It could be shown that TnS::mob has integrated between bp 391 and 392 or 401 and 402 in HC1409 or HC1421, respectively (Fig. 4) . This means that the insertions could be located 66 and 56 bp upstream of the translation initiation codon.
Codon usage. There were significant differences between the frequency of G+C at the three positions of the codons. The G+C content for codon positions 1, 2, and 3 was 69.0, 45.5, and 90.5%, respectively. These data are consequences of the degeneracy of the genetic code and the high G+C content of 68.3% determined for the A. eutrophus adh gene, which was close to the G+C content determined for total genomic DNA of this bacterium (66.3 to 66.9% [19] (40) . Boxed residues show the 22 amino acids which were found to be strictly conserved within the group of zinc-containing ADHs (40) . Symbols: -, strictly conserved amino acid residues which are not present in the A. eutrophus enzyme; *, amino acids which are identical in all three enzymes. ever, these data also confirm that the determined reading frame is correct (6) . It is worth mentioning that as already detected for the rbcL gene from A. eutrophus ATCC 17707 (2) , the bias toward the use of codons with G or C in position 3 was not as extreme for the glutamate codons (six times for GAA, and nine times for GAG). UGA is used as the translation termination codon.
The structural gene is preceded by two A+T-rich regions in which the G+C content is lowered to 40 to 45%. These regions extend from bp 195 to 230 and from bp 285 to 380 (Fig. 4) (53) . The free energies of all other secondary structures downstream from the termination codon are less than -100 kJ/mol. Primary structure comparison with other ADHs. When the amino acid sequence of the fermentative ADH of A. eutrophus was compared with those of 5,415 protein sequences compiled in a data bank, the first six proteins, which exhibited the highest homology to the A. eutrophus enzyme, were ADHs. In order of decreasing homology, they were the P-1 chain of human liver ADH (26.3% homology, 365 overlapping residues [28] ), ADH-1 from Zea mays (25.6%, 360 [11] ), horse liver ADH (22.9%, 354 [37] ), mouse ADH (22.7%, 348 [20] ), -yl-chain from human liver (22.2%, 347 [14] ), and ADIH from S. pombe (23.6%, 275 [55] ). In contrast, no significant homologies could be detected with the iron-activated dehydrogenase of Zymomo#as mobilis (18) and with the metal-independent ADH of Drosophila melanogaster (39) . The extent of homology was in the same order of magnitude as for mammalian ADHs with yeast ADH. The primary structures of, e.g., the ,-1 chain of human liver ADH and of the ADH from S. pombe exhibited 26.4% homology (356 overlapping residues). In contrast, the P-1 chain of human liver ADH and the horse liver ADH exhibited 87.2% homology (374 overlapping residues).
To demonstrate these homologies, the amino acid sequences of the ADHs from horse liver, Zea mays, and A. eutrophus are aligned in Fig. 5 . It is obvious that homologous amino acid residues accumulate in the coenzymebinding domain (56) and in the catalytic site domain. This figure also shows the positions of the 22 amino acids which are strictly conserved in all known long-chain zinc-containing ADHs (40) . Among these amino acids 17 are also present in the A. eutrophus ADH. Only five amino acids were absent: Glu-35 is substituted by aspartate, Pro-62 by glycine, Thr-87 by glutamine, Cys-103 by tyrosine, and Gly-199 by alanine in A. eutrophus. In two cases, substitution occurred with an amino acid residue belonging to the same group (Glu-35, Gly-199), and in one case the conserved amino acid appeared in a distance of 4 residues (Pro-62).
The zinc content of the ADH of A. eutrophus has never been determined; however, because of the results shown above, one would expect this enzyme to be a zinc-containing ADH. All 16 zinc-containing ADHs listed by Jornvall et (60, 67) and are located in a position which provides a suitable spacing to the translation initiation codon (22) . 
